Close-form expressions are used to analyze the spatial and angular linearity of the out-coupling volume holograms in wavelength division multiplexing/demultiplexing (WDM/WDDM). Optimal spatial linear out-coupling regimes are located. Some design criteria for volume holographic WDDM applicable to 800nm, l300nm, and 1550nm optical wavelength window are addressed. As a design example, we deploy these criteria to design a passive surface normal input/output wavelength division dernultiplexer (DMUX) working in the wavelength range of 768 864nrn. Coupling of the demultiplexed optical signal from the substrate modes to a linear multi-mode fiber array is verified with experiment. The importance ofthe spatial linearity of the out-coupling in volume holographic WDDM structure is highlighted and possible coupling of the signal to linear single-mode fiber array is mentioned.
INTRODUCTION
Wavelength-division multiplexing (WDM) has becoming the major candidate for the next generation telecommunication network despite of several other competing yet possible coexisting technologies.14 Terabit per second transmission experiments has also been demonstrated with data networks by using WDM.5 WDM has several advantages. It can efficiently exploit the huge bandwidth of single mode fibers. WDM is also promising on constructing different levels of transparency to optical transmissions (e.g., independent of data bit-rate, modulation format, or protocol) , allowing nice upgrading and backward compatibility of the current network, which makes WDM the key to tomorrow's developments on data, voice, imaging, and video communications.69 Passive optical networks (PON) and corresponding passive devices must be developed to meet the requirements to maximize the market volume and minimize the amortized equipment costs in near future.
The challenges are put back to wavelength demultiplexing when the wavelength separation among channels becoming smaller and the number of channel count increases. A channel separation about O.8nm around 1550nm wavelength or smaller, and a number of channel count bigger than 16, is desired for telecommunications. More cost sensitive communications under shorter distances like the local area networks (LAN's) and metropolitan area networks (MAN's and WAN's) have different requirements. Bigger channel spacing and a channel-number count of 4 ' 16 is expected.
Volume holographic multiplexers/demultiplexers (H-MUX's/H-DMUX's) have very simple structures and are more cost-effectiveness over the other scenarios such as arrayed-waveguide gratings (AWG's)'°'11 and microoptics.12 Very flexible channel spacing, e.g., from 2.Onm to 3Onm, were demonstrated with passive H-MUX's/H-DMUX's.'3'5 H-MUX's/H-DMUX's may be used to guide, deflect, tap, broadcast, route, interchange, interconnect, multiplex or demultiplex multi-wavelength optical signals.1422 Recent study indicates that the grating based MUX/DMUX with proper selection of device material and optimal structure can operate with no active temperature control.23 However, the out-coupling of these H-NUX's/H-DMUX 's is inherently nonlinear. Cautious design must be exercised especially when the count of channels increases and channel spacing decreases as in dense-WDM/WDDM applications. In this paper, we focus on the nonlinearity of the out-coupling in H-MUX's/H-DMUX's. In Section 2, the dispersion abilities of these grating-based demultiplexers are reviewed. Asymmetric properties between the input and output coupling of optical signals by volume holograms are discussed. Close-form expressions are used to analyze the spatial and angular linearity of the out-coupling volume holograms in Section 3. Some design criteria for H-MUX's/H-DMUX's such as the dispersion abilities and power losses are addressed. Design trade-offs are emphasized. In Section 5, we deploy these criteria to design and package a passive surface normal input/output H-DMUX working in the wavelength range of 768 864nm.
DISPERSION ABILITIES OF A PASSIVE HOLOGRAPHIC MULTIPLEXER/DEMULTIPLEXER
Dispersion abilities, among the key parameters of a multiplexer or demultiplexer that are independent of the multiplexing/demultiplexing structure,24 are the most important intrinsic characteristics besides the passing bandwidth and insertion loss of a device. It by and large determines the performance of a device.
The working principle of a holographic multiplexer is the same as that of a holographic demultiplexer. Besides, the real challenges come from demultiplexing for a WDM system compared with multiplexing. Hence, only the properties of demultiplexing structures will be addressed. In a much general sense, the central part of the H-DMUX consists of a piece of volume holographic grating. Its spatial position in reference to the incoming and out-going signals is schematically illustrated in Figure 1 . Figure 1 . Diffraction geometry of holographic gratings. The space is divided into three layers, namely, the incident space (or superstrate), the grating layer, and the transmission layer (or substrate), denoted with +1, 0, -1, respectivly. The phase matching condition is illustrated at the right side with the wave vectors and the grating vector, Kc K. K = 2x/A1 , and AT is the lateral period of the grating.
The dispersion can be treated very accurately as a diffraction process. In Figure 1 ,the media are divided into three layers, namely, superstrate, grating, and substrate, which are labeled as +1, 0, and -1 region, respectively.25 Symbols of their electrical permittivity carry the same superscripts. The thickness of the grating is t. [
A is the wavelength in vacuum. For dielectric media,their permeability jt can be regarded as that of vacuum, and = (±)p) is the refractive index of the material. n (A) is the relative refractive indices. D(A) and D(A) represents the normalized material dispersion ability (NMDA) and the normalized geometrical dispersion ability (NGDA), respectively. When the superstrate and the substrate is made of the same material, Eq. (1) becomes
Another useful quantity is the NTDA expressed in frequency instead of wavelength, D(v) = v_d2
the optical frequency of the signal. It is straight forward to show that
Therefore, Eqs. (1)- (4) the wavelengths are no more than lOOnm, the disprsion correction coming from the material dispersions as in Eq(1) could be regarded as constants,i.e., D(A) D(X), while is the central wavelength of the device.
Hence, the major contribution to the dispersion abilities comes from the grating structural dispersion that is two orders of magnitude bigger than that of most of the material dispersion.
The asymmetric property of 8 and 8 in Eq. (3) may strongly alter the performance of a H-MUX/H-DMUX. A passive H-MUX/H-DMUX must have a big enough yet proper value of the NTDA to separate incoming multi-wavelength signal, and route the signals to different physical out-going pointswhich is addressed below.
LINEARITY OF DEMULTIPLEXING BY A VOLUME HOLOGRAM
Dispersed by the grating, optical signals of different wavelengths will be routed to individual output portsusually optical fibers -in a typical H-DMUX. A simple way to do this discrimination of different wavelengths involves focusing the diffracted beams to a linearly spaced fibers permanently fixed in a V-groove, as shown in Figure 3 . One of the advantages of such an arrangement is that one eliminates necessary multiple alignments for individual fiber by simultaneously coupling all the channels out, hence improves the throughput. However, this imposes additional constraints on the MUX/DMUX structures. Ttade-offs between good linearities of the out-coupling and high dispersion abilities, compromises among the dispersion abilities and the bandwidths of the hologram, and contentions between insertion loss and polarization dependence.2324
Output interface (fibers) _ tan(9))
The H-MUX/H-DMUX usually works under the condition that O =0 while an ideal linear fiber array implies = 0. Hence, for small angles, tan 0 0, 9
Eq. (7) can be approximated as .
. 2
USUA [i(9i.xo) I (8) in which the average angular spacing is
The advantage of using aA 5 that we don't need to care about the concrete focusing lens and the exact spacing of the linear fiber array, while as is more accurate on reflecting the actual coupling misalignment.
Linearity of volume hologram dispersion abilities
The SNOC is mainly determined by the dispersion reiation* . + 2D, (14) and * Sometimes one may choose a configuration like working off-axis to optimize the coupling linearity. However, an off-axis structure may introduce aberrations that reduce the coupling efficiency and increase the crosstalk among neighbor fibers. A much more straight forward method to evaluated the nonlinearity is to check the NTDA. 
A2m D(A) D(A) .tan(6) = D(A)2tan(O). d26 d28
The term dv2 dominates the quantity in parenthesis in Eq. (13) as A2 dA2 does in Eq. (11) unless
The nonlinearity of the out-coupling is mainly determined by that of the hologram dispersion ability. Eq. (17) is zero when = 0, which is the best angular linearity for equal-wavelength-spacing demultiplexing.
This states that the smaller the output angle the better the output linearity in general. For littrow mounts,
r -4 tan3(8), the nonlinear behavior of the output manifests very quickly with increasing littrow angle. The conclusion holds for equal-frequency-grid demultiplexing as well. As plotted in Figure 4 , the d28 d28
smaller the value of A2 dA2 or v2 dv2 ' the better the linearity of the out-coupling from the hologram. The d2O d2O
amplitude of v2 in general is bigger than that of A2 .Thus, one has stronger nonlinearity when using equal-frequency-grid channels (as proposed by ITU-T) if using single grating-based demultiplexing technique. For out-coupling with a linear fiber array, trade-offs have to be made between good linearities of the outcoupling and high dispersion abilities, as well as compromises among the dispersion abilities and the bandwidths of the hologram, and contentions between insertion loss and polarization dependence. 24 
OUT-COUPLING OF A HOLOGRAPHIC WAVELENGTH-DIVISION DEMULTIPLEXER
Under certain circumstances, especially for heterogenous input/output interfaces as developed for one-way cornrnunications,30 the out-coupling may tolerate much stronger nonlinearity depending on the filtering characteristics of the rnultiplexer/dernultiplexer. The insertion loss spectrum provides almost complete information of the device.
The insertion loss comes from two major sources,na:mely, the holographic grating and the out-coupling interfaces that usually involves fibers. Holograms or gratings of high diffraction efficiency and good wavefront quality are commercially available.32 Thus, the bottle-neck of design usually is the out-coupling interface that dominates the total loss of the device. Suppose no numerical aperture (NA) mismatch, i.e., the NA of the beam should be no bigger than that of the fiber in V-groove, we can use the "energy-in-bucket (EIB)" model to characterize the coupling from free space to fibers.23 '24 Suppose the transmission function of the fiber centering at (xi ,
Yl) is
WF,j(x,y), and the intensity distribution of the focused beam on the fiber facet is Ik(x,y), then the normalized energy in the fiber (as a "bucket" collecting light) is Ekl= ffWF,l(x,y)Ik(x,y)dxdy k,l=1 2.3 ...N.
, ffIk(x,y)dxdy Similarly, the cross-talk from channel k to channel I can be defined as
For Gaussian beams with a beam width of 2cr and step-index out-coupling fibers, a set of curves obtained by using Eq. (18) for different coupling conditions of the normalized beam width, a/Rf, and the normalized misalignment distance, x/Rf, as Rf is the fiber radius, are presented in Figure 5 . According to Figure 5 , devices with heterogenous interfaces such as those using a smaller core-size ratio for input fiber than the outputs3°a re more robust. It buys one a very small insertion loss (1.0 -1.5dB) and a wide passing band for each channel, which in turn can tolerate more severe dispersion nonlinearity. However, MUX's/DMUX's with homogeneous interfaces have much wider applications in current network. The spatial linearity of the out-coupling becomes more important when considering linear single-mode fiber arrays. 23 The input and output fibers as the demultiplexing interfaces are assumed the same in the following discussions. Figure 5 can also be used to look up the cross-talk and bandwidth of individual channel. Two sets of universal curves for the maximum coupling efficiency and the normalized bandwidth BW BW .
. are shown in Figure 6 . These figures clearly indicate the importance of controlling the size of out-coupling beams. Volume holographic gratings are phase-sensitive elements in nature. Any distortion, such as the aberration from the focusing system, inhomogeneous material distribution inside the grating, dust, etc., along the propagation of the incident beam degrades the wave-front and the beam quality.3' However, holographic or the other types of gratings with surface quality of sub-wavelength flatness across several inches are commercially available.32
A SURFACE NORMAL INPUT/OUTPUT HOLOGRAPHIC DEMULTIPLEXER
Many substrate-mode structures using holograms have been proposed and tested for optical interconnects, some are also suitable for WDM/WDDM.24 As an example, we provide some preliminary experiment results on a surface normal wide-band H-DMUX. The design principle is applicable to dense-WDM/WDDM H-MUX's/H-DMUX's working in either 800nm, l300nm, or 1550nm opticalL wavelength window as well. The demultiplexing principle is schematically shown in Figures 7 . The surface-normal out-coupling geometry not only simplifies the alignment but also exhibits the best linearity of out-coupling among all possible singlehologram DMUX's, as discussed in Sect. 3. The substrate with a bevel angle 9B = 31.250 is used to provide necessary dispersion geometry. The center wavelength of this H-DMUX is set at ) = 812nm. The grating is Figure 5 . Energy-inthe-bucket model of coupling Gaussian beam from free space to fibers. The y-axis is the fractional energy in the fiber core while the size of the focused beam is 2o, the misalignment between the focus center to the fiber center is x, and the fiber radius is Rf. Figure 6 . The maximum coupling efficiency and the passing bandwidth of a single channel extracted from the "energy-in-the-bucket (EIB)" model when coupling light from free space to fibers. "BW(ldB)" , "BW(2dB)" , and "BW(3dB)" denotes the 1dB, 2dB and 3dB passing bandwidth, respectively, when so/Rf = 4.0. The size of the focused beam is 2cr. Misalignments between the focus center and the fiber center are neglected, x = 0, and the radius of the fiber is Rf.
made out of the 2Oim-thick DuPont holographic film HRF600-XOO1-20.3335 A caution one must follow is the shrinkage effect due to the polymerization process in this film.36 To precisely get the surface-normal out-coupling, pre-correction can be made to compensate the reduction of the film.3638 tThe choice of this material is mainly due to its easiness of the dry processing, high resolution, high sensitivity, long shelf life, and low cost,3335 which features almost real-time proto-typing. 
BW(2dB)
. :
BW(3dB) The dispersion ability of the proposed structure is verified, as plotted in Figure 8 . The slope of the measured curve is bigger than the prediction from Eq. (3) , denoted as "Experiment" and "dO/dA" , respectively. The measurement are correlated as close as 99.94% with the least-square linear fitting, marked as "Linear Fit" in the figure. Taking DM ()'e) -0.01 for the BK7 substrate, the mean-square-error (MSE) between the experiment curve (labeled "Analy. Map") and the one predicted via Eq. (1) Due to the limited number of fibers in the V-groove, one input and eight output channels, both interfacing 5Om-core size GRIN multimode fibers, are packaged in a H-DMUX, as shown in Figure 7 . The minimum distance between two output fibers located in the V-groove is 25Oim. Eight nominal center wavelengths spacing at 8.Onm can be chosen in the range of 760 864mm. Figure 8 . Measured total dispersion of the surface normal H-DMUX ( "Experiment" ) , the theoretical prediction by using Eq.(3) ("dO/dA" ), the least-square linear fitted curve ('Linear Fit"), and the correct theoretical curve (overlapping with "Analy. Map") are plotted together for comparisons. 
SUMMARIES
In this paper, the spatial and angular linearity of the out-coupling volume holograms in WDM/WDDM are analyzed with close-form expressions. Optimal spatial linear out-coupling regimes are located. Some design criteria for volume holographic WDDM applicable to 800nrri, l300nm, and 1550nm optical wavelength window, are addressed. Several universal curves, such as the maximum coupling relative to the beam size, mis-alignment, and passing bandwidth, are extracted for either homogeneous or heterogeneous I/O interfaces, which can be used to minimize power dissipation and maximize loss balance among all the channels.
As an example, we deploy these criteria to design a surface normal input/output H-DMUX. Coupling of the demultiplexed optical signal from the substrate modes to a linear multi-mode fiber array is verified with experiment. Experiments deviate from the theoretical prediction by only a MSE value of 0.4%. Most of the formula are applicable to both holographic wide-and dense-WDM/WDDM devices, regardless the output coupling ports are multimode or single-mode fibers. This work can be extended to Bragg-grating-based structures.
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